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ABSTRACT

We present Chandra CCD images of Tycho's supernova remnant that delin-

eate its outer shock, seen as a thin, smooth rim along the straight northeastern

edge and most of the circular western half. The images also show that the Si

and S ejecta are highly clumpy, and have reached the forward shock at numerous

locations. Most of the X-ray spectra that we examine along the rim show line

emission from Si and S, which in some cases must come from ejecta; the con-

tinuum is well represented by either thermal or nonthermal models. In the case

that the continuum is assumed to be thermal, the temperatures at the rim are all

similar at about 2 keV, and the ionization ages are very low because of the overall

weakness of the line emission. Assuming shock velocities inferred from radio and

X-ray expansion measurements, these temperatures are substantially below those

expected for equilibration of the electron and ion temperatures; electron to mean

temperature ratios of _< 0.1- 0.2 indicate at most modest collisionless heating

of the electrons at the shock. The nonthermal contribution to these spectra may

be important, however, and may account for as many as half of the counts in

the 4-6 keV energy range, based on an extrapolation of the hard X-ray spectrum

above 10 keV.

Subject headings" supernova remnants_ISM:individual(Tycho's SNR)_X-rays:general

1. Introduction

As the bright remnant of a historically observed supernova in our Galaxy, Tycho's super-

nova remnant (SNR 1572) has been extensively studied, but the X-ray spectrum associated

with its forward shock has not been directly measured until now. By necessity, most X-ray
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spectral studies havefocusedon the spatially integrated spectrum, which is dominated at
energiesbelow a few keV by the ejecta. A faint outer shelf of emissionwas identified in
X-ray imagesfrom the Einstein Observatory(Seward,Gorenstein,& Tucker 1983),however,
and is attributed to material behind the forward shock--an associationthat is supportedby
the excellent correspondenceof the X-ray boundary with the sharp outer boundary seenin
radio images(Dickel et al. 1991).

Imaging studieswith the ROSAT X-ray observatoryestablish that the expansionof the
remnant varies both with azimuthal angleand radius (Hughes2000). The faster expansion
observedat the outer boundary correspondsto an averageforward shockvelocity of 4600±
400 (D/2.3 kpc) km/s, whereD is the distancein kpc. The expansionof the radio boundary
is also observedto vary with azimuthal angle (Reynosoet al. 1997,Strom, Goss,& Shaver
1982). Strong decelerationin the east is causedby the remnant's interaction with denseH
gas (Reynosoet al. 1999). Although the outer boundariesof the X-ray and radio emission
show excellent correspondence,the averageexpansionsmeasuredat thesewavelengthsare
inconsistent: the expansionrate m, defined such that the time evolution of the remnant

radius is r _ t m, is 0.471 =t= 0.028 in the radio (Reynoso et al. 1997), and 0.71 i 0.06 for

the outer radii in X-rays (Hughes 2000). This discrepancy is unresolved, but appears to be

a common pattern in young remnants (such as Cas A, Koralesky et al. 1998, Vink et al.

1998, and Kepler's SNR, Hughes 1999, Dickel et al. 1988).

In the case of Tycho's SNR, the forward shock velocity can be measured in yet another

way. The optical emission is almost exclusively H Balmer emission from nonradiative shocks

propagating into partially neutral gas containing H (Chevalier & Raymond 1978, Chevalier,

Kirshner, & Raymond 1980, Kirshner, Winkler, & Chevalier 1987). The neutral H atoms are

not heated by the shock, and can be collisionally excited before being ionized; these excited

atoms produce narrow Balmer lines consistent with their low temperatures. Slow H atoms

can undergo charge exchange reactions with fast protons that have already been heated

behind the shock; these fast H atoms contribute a broad component to the line profile. The

optical emission from Tycho's SNR is generally faint, and is detected only in the eastern and

northern regions. The most prominent feature is the knot g in the compilation of Kamper

& van den Bergh (1978), on the eastern side of the remnant. Smith et al. (1991) and

Ghavamian et al. (2001) infer shock velocities through knot g of _ 2000 km/s independent

of the distance to the remnant. From modelling the line emission, while accounting for the

effects of the electron and ion temperature equilibration, and Ly c_ scattering, Ghavamian

et al. constrain the electron to proton temperature ratio to be _<0.10, implying electron

temperatures _<0.8 keV in the knot.

X-ray spectral studies of Tycho's SNR generally infer a relatively hard spectral compo-



nent, presumedto beassociatedwith the forward shock. The total spectrumfrom the ASCA
X-ray Observatorysuggestsa forward shockcomponentwith atemperature of roughly 4 keV
that accountsfor some30% of the X-ray counts between0.5 to 10 keV (Hwang, Hughes,
& Petre 1998). This temperature is well below the mean equilibrium temperature behind a
4600km/s shock. Hughes(2000)points out that this implies either a low efficiencyfor elec-
tron heating, sothat the electron temperature is well below the mean,or nonlinearparticle
acceleration,which could result in significantly higher compressionsand lower temperatures
than for test-particle shocksof the samevelocity (Decourchelle,Ellison, & Ballet 2000).

Furthermore, X-ray emission has been observed from the remnant at energies up to 25 keV

(Pravdo & Smith 1979, Fink et al. 1988), and this emission has also been attributed to.mate-

rial behind the forward shock. This latter interpretation requires a heating mechanism that

can rapidly heat the electrons to sufficiently high i:emperatures (e.g., Cargill & Papadopoulos

1988). The hard X-ray emission has alternatively been suggested to come from a nonthermal

population of highly energetic electrons that have been accelerated at the shock (Aharonian
et al. 2001).

X-ray instruments have lacked the capability to isolate the spectrum of the forward

shock thus far. Recent XMM-Newton observations have now provided the first truly spatially

resolved spectra of Tycho's SNR on angular scales of several arcseconds (Decourchelle et al.

2001). Even higher spatial resolution (less than 0.5" FWHM) is provided by the Chandra

X-ray Observatory. In this paper, we present images and spectra of selected portions of the

forward shock of Tycho's SNR using the Advanced CCD Imaging Spectrometer (ACIS) on
the Chandra Observatory.

2. Images

Tycho's SNR was observed for 48.9 ks on 20-21 September 2000 with the ACIS. The

count rate was steady, and there were no background flares. The remnant has a size slightly

larger than the 8' x 8' field of view of a single ACIS CCD. The northern and eastern parts

of the remnant were positioned on the back-illuminated CCD $3, the primary spectroscopic

chip, while the western region of the remnant was imaged on the front-illuminated CCD $2.

This placement of the source on the detector was originally chosen to optimize observation

of the ejecta knots in the east. The southernmost region of the remnant fell outside the field
of view of the detector.

The broadband 0.5-10 keV image of Tycho's SNR obtained by ACIS is shown in Figure

l(a). Also shown in Figure 1 are energy band images for (b) the Si He c_ blend near 1.86

keV and (c) the 4-6 keV continuum band. The 22 am radio image of Dickel et al. (1991) is
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shown in panel (d). In forming the X-ray images, the energy selection was performed after

correcting for the spatial variation of the gain across the detector, as summarized in Table 1.

The X-ray images have not been processed beyond the energy selection, except to smooth the

rather sparse continuum image. The radio image is convolved with a beam of 1.45" × 1.38".

The three panels of Figure 2 show "equivalent width" images of the kind presented by Hwang

et al. (2000) for (a) the Fe L emission (transitions to n=2 levels) near 1 keV, (b) Si He c_

blend, and (c) the Fe K blend (transitions to n=l levels) near 6.5 keV. For these images, the

shape of the local spectrum has been used to determine the continuum underlying the line

emission. The images show the ratio of the line emission to the underlying continuum after
smoothing.

2.1. Outer Shock

The Chandra broadband image shows that the outer edge of the X-ray emission in the

northeast and west is strikingly traced by a thin, smooth rim. The rim is also present at

radio wavelengths (Figure ld, Dickel et al. 1991, Reynoso et al. 1997). The southern edge

of the remnant, which was not imaged by this Chandra observation, is sharp and smooth

in the radio image. Overall, the radio rim corresponds closely with the X-ray rim, though

the two do not track each other particularly well in brightness (Figure 3, also see Dickel et

al. 1991). While the rim is smooth and circular in the west, there is a straight section in

the northeast, and the rim is absent altogether in the east, where the remnant is interacting
with H gas (Reynoso et al. 1999),

X-ray radial profiles for two azimuthal sectors in the northwest and southwest are shown

in Figure 4 for both the broadband and 4-6 keV continuum image. The full-width-half-

maximum radial extent of the arcs is seen to be only about 4-4.5", compared to the remnant

radius of roughly 4'. The rim marks the location of the remnant's forward shock, and is

highlighted in the 4-6 keV X-ray continuum image. This energy band suppresses the ejecta

contribution because it is virtually free of the emission lines that arise mostly from the

ejecta and dominate the broadband spectrum. The inside half of the rim is thinner in the

continuum image, consistent with the emergence of thermal line emission sat the inside edge

behind the forward shock. The bright shell in the broadband image disappears in the 4-6

keV continuum image of Tycho's SNR.

There are also a number of bright "knots" in the hard X-ray continuum image, most

notably near the eastern edge and in the southwest. These knots have previously been noted

in the lower spatial resolution 4-6 keV image obtained by XMM-Newton (Decourchelle et al.

2001). Radio emitting knots in the eastern part of the remnant are not at the same location



as the X-ray continuum knots, but are slightly northward. Indeed, the radio knots appear
to be better correlatedwith the Si emission,asnoted by Decourchelleet al. (2001).

2.2. Ejecta Distribution

The ejecta in Tycho's SNR are visible only from their X-ray emission,as the optical
emissioncomesentirely from the forward shock, and the infrared emissionis also associated
with the forward shock (Douvion et al. 2001); the radio emission is due to electronsaccel-
erated at the shock rather than to ions. The general distribution of the ejecta is evident in
the broadbandX-ray image (Figure la), which is dominated by the Si line emission;the Si
line image in Figure l b showsit evenmore clearly. Overall, the Si emissionis distributed

fairly uniformly on large scales,and is very clumpy in appearance. It is not compact and
knotty, however,which is in constrast to the Si ejecta emissionfrom CasA (Hugheset al.
2000,Hwang et al. 2001).

To calibrate the observedline-to-continuum ratios with the Si abundances,weusedthe
ACIS detector responseto computethe count rates expectedfromsolar-abundance thermal
modelswith varioustemperaturesandionization ages.If the line-to-continuum ratio exceeds
3-4, the Siabundancemust beenhancedabovethe solarvalue if the temperature is above0.7
keV, regardlessof the ionization age.Lowervaluesof the ratio could still be consistentwith

enhancedabundancesif the temperature is below 0.7keV, dependingon the ionization age.
In the brightest Si clouds, the ratios arehigh enoughthat the elementabundancesmust be
well abovesolar, asexpected. The finger-like projections that reachthe forward shockin the
west have lower valuesof the line-to-continuum ratio, but are shownto be associatedwith
ejecta by the spectral analysispresentedin the following section. The two large, bright, Si-
and Fe- rich ejecta knots that bulgebeyondthe forward shock in the eastwereknown prior
to Chandra and XMM (Vancuraet al. 1995,Hwang & Gotthelf 1997);it is now evident that
Si ejecta reachthe forward shock elsewherein the remnant, though without distorting the
remnant boundary. It is plausible that manyof the Si clumps seenin the interior aresimilar
featuresseenfaceon.

Most of the Si emission is clumpy, but the continuum-subtracted Si line image (not
shownin the figures)showslow levelemissionthroughout the remnant. Suchemissionmaybe
associatedwith a faint, smoothcomponentof Si ejecta. To estimate the contribution of such
a component,wesmoothed the Si line imagewith an adjustable beam to contain 25counts
per beam,and determined the lowestintensity level inside the remnant. Assumingthat the
faint emissionis distributed uniformly overthe remnant, weestimate that it makesup about
25%of the Si line photons, after subtracting the off-sourcebackground. Although errors in



estimating the local continuum level may be expected,the total continuum contribution
to the raw Si image is lower than our estimate for this low level emission. It is possible
that this faint Si emissionwill appearclumpy whenviewedat higher statistical significance,
but clumps with a significant density enhancementshouldbe readily visible sincethe X-ray
luminosity scalesasthe squareof the density.

In comparisonto the Si image,the FeL and K line imagesappear to besomewhatless
clumpy, but they are also much moresparse.Moreover,it is difficult to calibrate the Fe L
image, as the numerousFe L lines are blended with each other and with lines of Ne and

O, so that the true continuum cannot be determined without detailed spectral modelling.
Except for the prominent Fe-rich knot in the east, we cannot ascertain from the images
alonewhether Fe L emissionis presentat the forward shock. The brightest Fe K emission
is certainly associatedwith ejecta,asthe line-to-continuum ratio is generallyhigh, and any
ratio greater than 2 indicates enhanced abundances for any temperature or ionization age.-.

The Fe K emission is certainly radially interior to Fe L and Si, as has already been noted

(Decourchelle et al. 2001, gwang & Gotthelf 1997), and as suggested by Decourchelle et

al., this is likely to be the signature of the temperature and ionization structure behind the

reverse shock. Detailed discussion of the ejecta spectra will be presented elsewhere.

3. Spectra of the Forward Shock

We study the spectrum of the forward shock along the outer rim in the southwest,

northwest, and northeast, as indicated in Figure 5. We avoid the. eastern region, where the

rim is not clearly defined, and where the remnant is interacting with H gas. The spectral

regions are typically 5" wide, corresponding to 0.05 pc at a distance of 2.3 kpc. With the

spectra from adjacent regions behind the rim, we sample angular distances up to about 10"

behind the shock front. The size of the spectral regions and the counts in each spectrum are

given in Table 2. With one exception, each spectrum has at least ,-,,2000 counts.

Using the tools in CIAOv2.2, we have customized the spectral calibration files for each

spectrum. Since the gain and resolution vary with position on the detector, we use appro-

priately weighted detector response functions. Spectra were taken from a single CCD chip,

$3, with the exception of region 5, which is mostly from $3, but includes a 15% contribution

from $2. Although the spectral calibration of $2 is not as complete as for $3, the results

obtained for spectra taken from $2 are consistent with those from $3. We also combined

regions 1 and 2 in the southwest, and regions 4 and 5 in the northwest to improve the signal-

to-noise-ratio. For the combined northwest spectra, data are taken from both $2 and $3.

Background spectra are taken from source-free regions on the same CCD chip (or a weighted



combination from both chips, if appropriate). We fitted the spectra with both nonthermal
and thermal models,as describedin the following sections.

3.1. Models

For fitting thermal models, we primarily use single temperature, single ionization age,

nonequilibrium ionization models (XSPEC vll.0, Borkowski, Lyerly, & Reynolds 2001). The

ionization age n_t is defined as the product of electron density and time since shock-heating,

and parameterizes the progress toward ionization equilibrium of gas that is suddenly heated

to a high temperature. Because we take very narrow regions behind the shock front, and

because the fitted ionization age is very low, this simple model is a very good approximation

for the spectra at the rim. In these cases, we find that a simple NEI model is essentially

indistinguishable from models that approximate the emission behind a segment of a planar

shock wave using a range of ionization ages (pshock), or from a simple bremsstrahlung

continuum. A detailed comparison of various model fits is given for the northwest rim in
Table 3.

For fitting nonthermal models, we use the synchrotron radiation cutoff model (srcut;

see Reynolds & Keohane 1999, Dyer et al. 2001) rather than simple power-law models.

This model folds the single particle synchrotron emissivity with a power-law electron energy

distribution having an exponential cutoff. It is the most appropriate readily-available model

for describing the synchrotron spectrum with the fewest assumptions. The model takes as

parameters the radio spectral index, the frequency at which the spectrumrolls off (to a

factor of 6 below the extrapolation of the radio spectrum Reynolds 1998), and the radio

flux at 1 GHz as the normalization. Reynolds & Keohane use this model with the spatially

integrated X-ray spectrum of Tycho's SNR and the observed radio brightness and spectral

index to determine the energy at which the photon spectrum must roll off if the model is

not to exceed the observed X-ray spectrum. The electron energy is then determined from

the rolloff frequency by taking the magnetic field to be a typical value of 10#G. Reynolds &:

Keohane estimate the rolloff frequency to be 8.8 x 101_ Hz (corresponding to an energy 0.4

keV) on average, to set an upper limit on the cutoff energy of the electron spectrum at 40
TeV.

In our use of the srcut model, we take the appropriate slope of the radio spectrum for

each region of the remnant from Katz-Stone et al. (2000). The normalization of the model

is taken to be the radio flux at 1 GHz, and the rolloff frequency is freely fitted. To obtain

the radio fluxes for each spectral region, we use the 1.36 GHz (22 cm) image of Dickel et al.

(1991). This 1983 image is of lower angular resolution than the Chandra image, but all the
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spectral regionswe useare much larger than the radio beam size. We first scalethe radio
imageto match the Chandra image,and then extract the radio fluxes from the samespatial
regionsusedfor the X-ray spectral analysis.To convert the flux at 1.36GHz to the valueat
1GHz, wesimply took the product of the fraction of the total 1.36GHz flux in eachspectral
regionand the total 1 GHz flux of 56Jy (Green 2001). An indication of the uncertainty in

the radio flux is given by the difference between the 1.36 GHz flux in our image and that

determined by extrapolating a 1 GHz flux of 56 Jy using the average radio spectral index of

0.50 (Katz-Stone et al. 2000); this difference is about 15%.

3.2. Results for Rims

Detailed fits for a variety of models are presented in Table 3 for the northwest rim. The

X-ray spectrum of this portion of the rim is nearly featureless (see Figure 6). The pshock and

single-component NEI models for this region are seen to be indistinguishable, and the data

are also fully compatible with a simple bremsstrahlung continuum model. Of the nonthermal

models, the srcut model gives a somewhat better fit than a simple power-law. The northwest

region of the remnant is notable for having the highest value measured for the radio spectral

index, at 0.72=t=0.14 (Katz-Stone et al. 2000), but it is evident from our spectral fits that the

higher-than average spectral index determined in the radio is not compatible with the radio

flux together with the X-ray spectrum in the context of the srcut model. Even allowing

for _15% uncertainty in the radio flux normalization, an acceptable fit requires the radio

spectral index to be below the low end of its error range, at a value closer to the overall

average value found for the remnant. Given the difficulties inherent in measuring the radio
spectral index, this is not unreasonable.

For the complete set of spectra at and behind the rim, we present the results for the

thermal models in Table 4 and Figure 6. The temperatures obtained are very similar around

the entire rim, at about 2 keV, and the ionization age is uniformly low, with upper limits

in the range of a few 10 s cm -3 s. The spectra in the northwest (NW) and southwest (SW)

sections, in particular, are pristine and show very little evidence for any line emission. The

other rim spectra do show weak line emission, especially from Si and S, but generally not
from Fe L.

Most of the spectra behind the rim show the emergence of line emission. In some

instances, such as region 3 in the west, the line emission is clearly from Si and S ejecta, as

is corroborated by the Si equivalent width image. In other cases, such as regions 6 or 7, the

line emission is not necessarily from ejecta, as lines of O, Ne, and Fe are present in addition

to those of Si and S. This is generally true of the regions in the north or northwest, which



are also distinguished by the presenceof optical emissionand by distortions of the remnant
boundary.

The fitted ionization agesbehind the northern rim are higher than thoseat the rim_a
result one would expect since the interstellar gasbehind the rim wasshockedat an earlier

time. For the westand southwestregions(1, 2, 4, and 5), however,the fitted ionization ages
behind the rim remain low, with upper limits consistentwith those at the rim itself. The
much smaller (i.e., undetectable in our data) changein ionization in the westand southwest
is qualitatively consistentwith a lower density for the interstellar gasin the west than in the

north. In turn, this is broadly consistentwith the interaction of the remnant with densergas
to the north and west that is indicated by .the radio observations. The typical radio shock
velocity is about 3000-4000km/s all along the westernedgeof the remnant. For a velocity
of 3500km/s, a distance of 5" behind the shockwould imply an increasein the ionization

agen_t by about 6 x 10 s cm -3 s for an ambient density of 0.3 cm -a for Tycho's SNR (e.g.

Seward et al. 1983). Upper limits for the ionization age of 2- 3 x 10 s cm -a s at and behind

the rim in the west and southwest require a lower density closer _o about 0.1-0.15 cm-a;

the higher ionization age of a few 109 cm -a measured in the northwest and northeast would

suggest higher ambient densities above 1 cm -a. For a higher shock velocity, the expected

change in ionization age would be proportionally lower.

In our fits, higher ionization ages are also generally accompanied by higher fitted column

densities that are associated with the need to absorb the He-like O lines that are predicted

by the models. These are inconsistent, however, with the column density of 4.5 x 102_ cm -2

determined in the radio towards Tycho's SNR (Albinson et al. 1986), and with the fitted

column densities for the adjacent regions on the rim. This discrepancy most likely indicates

spectral complexity that is not well-represented by a single temperature and ionization age

for all the elements. We were not able to resolve it with any simple Spectral models.

A third set of spectra taken directly behind the two sets already discussed for rim

segments 1, 2, 4, and 5 do finally show the emergence of strong emission lines of Si and

S associated with the ejecta. The ionization age limits for the forward shocked component

continue to be low at a few 10 s cm -3 s for all except region 5. The best two-component fit for

region 5 shows a large increase in the ionization age associated with the forward shock, but it

also shows a large increase in the column density, suggesting that the simple two-component
model is not fully adequate.

Results of the nonthermal fits are given in Table 5 for the prominent major sections

of the rim. In all the fits, the radio flux has been fixed. Allowing the radio normalization

to vary between 15% limits typically affects the fitted spectral index or rolloff frequency

by 20-30 percent. The spectrum of the northeast rim is entirely consistent with the radio
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spectral index, giving a rolloff frequencynear 5x 10 TM Hz that is slightly lower than that

estimated by Reynolds & Keohane (1999) for the spatially integrated spectrum of Tycho's

SNR. For the southwest, the fitted radio spectral index is acceptable, but an improved fit

can be obtained with a slightly higher value that is closer to the overall average, and entirely

consistent with the uncertainties in the radio measurement. Again, the rolloff frequency is

then near 5 x 1016 Hz. The situation in the northwest has already been discussed. The value

of the radio spectral index favored by the X-ray spectral fits is marginally incompatible with

the radio measurement, and the fitted rolloff frequency is possibly slightly higher than in the
other sections of the rim that we examined.

The fitted values of the rolloff frequency u in Table 5 can be used to deduce the maximum

electron energy E given the strength of the magnetic field B, from Eq. (2) of Reynolds &
Keohane (1999)"

v(Hz)_O.5xlO_6Hz(lO#G) ( E )2B 10 TeV "

Reynolds & Ellison (1992) estimate the magnetic field strengh in Tycho's SNR to be 10 -4-

10-2G. Taking the rolloff frequencies from Table 5 and the lower end of the values for the

magnetic field, the maximum electron energies are 8-14 TeV; at the upper end of the magnetic

field values, the maximum electron energies are 10 times lower, at _ 1 TeV.

3.3. Results for Hard Continuum Knots

We also examined the spectra of two prominent knotty features present to the east

and the west in the hard X-ray continuum image. The spectra of both knots clearly show

emission lines, and the western knot (CKW) is strongly contaminated by the presence of Si

ejecta. To fit the spectra, we used two-component NEI models to represent solar abundance

forward shocked gas and Siand S ejecta, as shown in Table 6. The fitted ionization age for

the forward shock component in CKW is significantly higher than for the rims, at a few 10 9

cm -a s, while the eastern knot (CKE) appears to favor a low ionization age.

The eastern feature CKE is near, but not at, the eastern boundary of the remnant, and

the western feature CKW is well inside the western boundary. It is possible that these are

similar to the rim features that are seen along the west and south, except that by projection

they appear in the interior of the remnant. Their higher surface brightness in the hard

continuum image is qualitatively consistent with their higher fitted temperatures (2.5 to 3

keV, compared to 2 keV), but their true nature remains elusive. The CKW feature has a

higher fitted ionization age than the rest of the rim, and while this can generally be explained

by a higher density, the ambient density is actually higher in the east than it is in the west.



One would instead expect the opposite caseof a higher ionization age for CKE than for
CKW. If nonthermal emissionweredominant, featurescorrespondingtothe knots might be
expectedin the radio images,but noneareseen.

4. Discussion

4.1. Electron Temperatures

We combinedthe X-ray spectral resultswith the radio and X-ray expansionvelocities to
estimate the ratio of electronto ion temperaturesbehind the forward shockin Tycho's SNR.
The temperature attained by particles asthey passbehind the shockdependson their mass
accordingto the shockjump conditions askT _ 3/16mv_, where m is the particle mass and

vs the shock velocity. The different, particle species will exchange energy through Coulomb

collisions and eventually attain a single equilibrium temperature, but it has been proposed

that this equilibration may be effected much faster by collective plasma interactions (Cargill

& Papadopoulos 1988). The efficiency of these collisionless heating processes appears to

decrease in inverse proportion to the Mach number of the forward shock, however, so that

they may be less important for the fast shocks associated with young supernova remnants

(Ghavamian et al. 2001, Laming et al. 1996). The electrons behind the slower shocks in the

Cygnus Loop, for example, are closer to equilibrating with the ions than those behind faster

shocks of younger remnants such as SN 1006.

We plot in Figure 8 the equilibrium temperatures corresponding to the radio expan-

sion parameters determined as a function of azimuthal angle (defined counterclockwise from

north) by Reynoso et al. (1997). We use their Table 2 and Figure 5, and a distance of

2.3 kpc, to compute the velocities, and take the mean molecular weight per particle to be

lamp, with # - 0.6 for solar abundance gas and mp being the proton mass. The rather

large fluctuations for angles greater than 180 ° are attributed by Reynoso et al. (1997) to

uncertainties in determining the remnant radius. Also shown in the figure are the equilib-

rium temperatures corresponding to the average radio expansion velocity, and the average

X-ray expansion velocity given by Hughes (2000). It is not yet clear which of the radio or

X-ray expansion values should be used, though the radio measurement is made with higher

angular resolution data. Also, if the ejecta presently located near the forward shock have

high velocities, they might bias the X-ray expansion measurement, as suggested by Wang &

Chevalier (2001). This question will hopefully be better resolved with a new study of the

X-ray proper motion using higher spatial resolution data.

The data points in the Figure give the temperatures determined along the rim from our
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fits, assumingthat the X-ray emissionis thermal (Table4); the appropriate azimuthal angle
is determined with referenceto the centeradopted by Reynosoet al. (1997). The electron
temperatureswe measureareclearly much lower than the mean temperaturesexpectedfor
shockvelocities determined from the radio expansion,with electron to mean temperature
ratios of 0.10-0.20. If we scalethe mean temperature by the ratio of the averageradio
velocity to the averageX-ray velocity, it increasesby afactor of two, andthe electronto mean
temperature ratios decreaseaccordingly.Although electron-iontemperature equilibration is
not attained, the electron temperaturesare higher than would be expectedfrom Coulomb
heating alone. Ionization agesas low as 108cm-a s allow for negligible electron heating
mediated by Coulomb collisions. The measuredelectron temperature is thus essentially
the electron temperature attained immediately after passagethrough the shock front, and
representsextra heating in addition to Coulombheating.

A low degreeof electron-ion equilibration is consistent with results from the optical
spectra for the brightest knot in Tycho's SNR (knot g), where the electron to proton tern-

perature ratio is _< 0.1 (Ghavamian et al. 2001). The degree of electron-ion equilibration has

also been determined to be low in SN 1006, with the electron-to-proton temperature ratio

_< 0.05 using UV spectra (Laming et al. 1996). In SN 1987A, the temperatures measured

from the X-ray spectra are also lower than would be expected based on the observed radio

and X-ray expansion of the remnant. The implied ratio of electron and mean particle tern-

peratures is about 0.1, giving a electon to proton ratio of about 0.07 (with # - 7 for the

N-enriched circumstellar material surrounding SN 1987A). TheX-ray line profiles (observed

with the high spectral resolution High Energy Transmission Gratings on Chandra) are also

consistent with thermal broadening due to high ion temperaturesbehind the shock (Michael

et al. 2001). All these results are summarized in Figure 9. By contrast, the model of

Cargill & Papadopoulos (1988) for rapid electron heating can accommodate electron-to-ion

temperature ratios of about 0.20.

In contrast to these cases, the measured electron temperature behind the forward shock

in the Small Magellanic Cloud remnant E0102-72 is lower than would be expected even

with Coulomb heating alone for the X-ray determined shock velocity. In this case, the low

temperature is interpreted as evidence for highly efficient, nonlinear acceleration of particles

behind the shock front (Hughes, Rakowski, & Decourchelle 2001). There is independent

evidence that nonlinear acceleration of electrons may be occuring in Tycho's SNR, in that

the observed curvature of the radio electron synchrotron spectrum is predicted by such

models (Reynolds & Ellison 1992). The brightness of the radio emission at the rim also

requires the fresh acceleration of particles at the shock (Dickel et al. 1991), and this process

may extend to sufficiently high energies to affect the X-ray emission. Temperatures attained

behind shocks where efficient particle acceleration takes place will be lower, making the



electron to mean temperature ratios higher than otherwise.

For the bright continuum knot in the east, the observedtemperature is actually consis-
tent with temperature equilibration behind a shockat the radio velocity. The radio velocity
of the rim may not be applicable there, however,as the knot is interior to the rim and is
probably only projected there. This knot is also very nearthe position of the optical knot
g, for which Ghavamian et al. (2001) determine that the electron temperature should be no

higher than 0.8 keV, at 0 1 times the proton temperature. However, there is a 10" nominal

offset between the X-ray and optical (Kamper & van den Bergh 1978) position, whereas the

nominal X-ray coordinate uncertainty should be well under 3" (Chandra Proposer's Obser-

vatory Guide); the optical measurements are probably not applicable to the continuum knot

either. One of the radio velocity points applicable to rim segment 4is also consistent with

the measured X-ray temperature, but this point represents a sharp excursion well below the

average.

The foregoing discussion is based on the assumption that the emission is thermal, but

it has been seen that nonthermal and thermal models are about equally successful in indi-

vidually describing the featureless rim spectra. As discussed in the next section, however,

an additional nonthermal component is indeed likely to be present.

4.2. Nonthermal and Thermal Emission Components

Hard X-ray emission has been unmistakably detected from Tycho's SNR, at energies

up to 25 keV with HEAO-1 (Pravdo et & Smith 1979), 20 keV with Ginga (Fink et al.

1994); and 30 keV with RXTE (Petre et al. 1999). Several models have been proposed to

explain the hard X-ray continuum in Tycho's SNR as synchrotron radiation from electrons

accelerated at the shock (Ammosov et al. 1994, Heavens 1984). Given that the temperatures

(in thermal models) at the forward shock in Tycho's SNR are only about 2 keV, the X-ray

emission at higher energies may well have a nonthermal origin, as has been suggested in
earlier papers.

We estimate an upper limit to the nonthermal X-ray luminosity from Tycho's SNR in the

Chandra energy band by attributing all the flux between 4-6 keV to a nonthermal component.

This is clearly an overestimate because there is a hot thermal component associated with

the Fe K line emission (Hwang et al. 1998). We first obtained the total source counts

between 4-6 keV by estimating and subtracting the background counts from the continuum

image and multiplying by a rough geometrical correction factor of 1.15. for the portion of

the remnant that was not imaged. We then took the 0.5-10 keV source luminosity of the
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nonthermal model for the northwest rim and scaledit up by the ratio of 4-6 keV counts in
the total imageto those in the rim segmentto estimate the nonthermal luminosity for the
entire remnant. This maximum luminosity is about 2 x l0a5ergs/s, but could be reduced
by a factor, of a few if we useonly the bright X-ray continuum regions in the rim and the
knots. We have not accountedfor the variation in radio spectral index for different parts
of the remnant, but if we use the spectrumfitted to the southwest rim, which has a much
flatter radio slope,the estimated luminosity is essentiallyunchanged.

One can also estimate this nonthermal luminosity for Tycho's SNR by extrapolating
the flat componentin the Ginga or RXTE X-ray spectra down to energiesin. the Chandra
band. Extrapolating the power-lawmodelgiven by Fink et al. (1994).for the Ginga data,
we estimatea 0.5-10keV nonthermal luminosityof about 1.5x 10a5erg/s. Aharonian et al.
(2001)fitted the RXTE spectrumwith amodel that includesan exponential cutoff, although
they inferred a steeperradio slope than is actually observedoverall, and obtained a higher
turnover energyof 1.6 keV. The 0.5-10keV luminosity implied by their model is 1 x 10a5
ergs/s. Both estimatesare a substantial fraction of the maximum possibleluminosity from
our estimate above, indicating that perhapshalf of the hard 4-6 keV X-ray emissionin
Tycho's SNR is nonthermal. The nonthermal luminosity estimated from the hard X-rays is
slightly higher than that of SN 1006in the sameenergyrange (Dyer et al. 2001).

The nonthermal X-ray emission should also be accompanied by -),-ray emission, since

the energetic electrons that emit the X-ray synchrotron radiation will also upscatter cos-

mic background photons. The 3'-ray upper limits for Tycho's SNR have become tighter in

recent years (Aharonian et al. 2001), at levels that are a few to several times lower than

the detections for SN 1006 (Tanimori et al. 1998). This may be understandable from a

consideration of the densities and magnetic fields in these remnants. The extrapolation of

the radio spectrum to the X-ray range gives maximum electron energies comparable to those

determined for SN 1006 (Reynolds & Keohane 1999), if equal magnetic field strengths of

10 #G are assumed. The magnetic field in Tycho's SNR has been estimated by Reynolds

& Ellison (1992) to be between 10 .4 to 10-2G, which is higher than.the 9#G in SN 1006

(Dyer et al. 2001). A higher magnetic field qualitatively accounts not only for the more

severe synchrotron energy losses for the electrons, but also for Tycho's higher radio, surface

brightness.. The maximum electron energies in Tycho's SNR will be be lower in proportion

to B-_/2; on the basis of our spectral fits, the maximum electron energies would appear to

be between 1-15 TeV, depending on the exact value of the magnetic field. The much lower

density environment of SN 1006 (e.g., see Kirshner et al. 1987) would also allow, particle

acceleration to proceed to higher, energies in the first place (Baring et al. 1999).



4.3. Mixing of Ejecta

The presenceof ejecta at the forward shock requires a significant amount of mixing
either during or after the explosion. Various high resolution hydrodynamical studies (Wang
& Chevalier2001,Dwarkadas2000) show that the ejecta cannot penetrate beyond about half

the interaction region through Rayleigh-Taylor instabilities alone, .though early Richtmyer-

Meshkov instabilities might enhance the effectiveness of the Rayleigh-Taylor instabilities

(Kane et al. 1999). Clumps in the ejecta (Hamilton 1985) or in the interstellar medium (Jun,

Jones & Norman 1996) would, however, allow the ejecta to penetrate to large radii. Ejecta

might also penetrate the forward shock in the presence of enhanced turbulence generated as

the reverse shock propagates into low density bubbles of Fe, formed as the heat release from

the radioactive decay of clumps ofNi ejecta allows them to expand (Blondin et al. 2001).

Yet another possibility is that the ejecta can affect, the forward shock when the interaction

region for the shock is very thin, as could be the case with with nonlinear particle acceleration

behind the forward shock_a situation that might reasonably be expected to occur in young

remnants (Blondin & Ellison 2001), including Tycho's SNR in particular (Reynolds & Ellison

1992). The action of the Rayleigh-Taylor instabilities out to the forward shock is further

supported by the. radial orientation of the magnetic field (Dickel et al. 1991), which is
observed all the way to the rim of the remnant.

One might expect that if the ejecta do penetrate the forward shock, the boundary of the

outer shock would be distorted, whereas the western boundary of Tycho's SNR is smooth

and circular. This might still be possible, however, if the mixing occured early enough for

the protruberances to have subsided. In their simulations, Wang & Chevalier (1999) found

that it was actually difficult to deform the forward shock unless the ejecta density contrast
was high.

The qualititative appearance of the Si ejecta in Tycho's SNR is quite different from that

of the core-collapse remnant Cas A, which has also been beautifully imaged by Chandra

(Hughes et al. 2000, Hwang et al. 2000). While the Si is clumpy in Tycho, it is compact and

knotty in Cas A. Despite the fact that Tycho is located at a smaller distance, the angular

scale of its Si features is larger than those seen in Cas A. Differences are also seen in the

4-6 keV continuum images. In Tycho's SNR, the ejecta shell has virtually disappeared in

this image, but in Cas A, the ejecta are still clearly visible. The emission associated with

the ejecta is thus seen to be relatively more important at these energies in Cas A than in

Tycho's SNR. Indeed, the hard X-ray emission in Cas A has been proposed to be primarily

bremsstrahlung emission from electrons that have been accelerated in the ejecta (Laming

200lab, Bleeker et al. 2001).

The appearance of the forward shock in these two remnants is also strikingly different.
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Tycho's outer rim is distorted becauseof its interaction in the east, but the outline of the
rim is otherwisegenerally smooth and continuous. By contrast, the outer rim of CasA is
brokenup on small scalesand showstightly curved fragments(Gotthelf et al. 2001). If some

of this emission is nonthermal, this may reflect differences seen in their radio emission, as

Tycho has a sharp radio rim suggestingefficient first order Fermi acceleration, whereas Cas

A has no distinct rim and is a better candidate for second order Fermi acceleration mediated

by turbulence (e.g., Dickel et al. 1991). SN 1006, another Type Ia remnant shows the same

smooth outer rim seen in Tycho's SNR, and the same highly clumpy ejecta (in. this case O

ejecta; K. Long, private communication), but this is still much too small a sample for these

differences to be more than suggestive.

5. Summary

The Chandra observatory allows the imaging and spectral study of the forward shock in

Tycho's SNR. The Si ejecta are highly clumpy and have propagated tothe forward shock in

several locations. The spectra at the rim show slight, but varying amounts of line emission,

with continua that are well described by either thermal or nonthermal models. Spectra

behind the shock show stronger line emission consistent with this gas having been shocked at

earlier times. The limits on the change in ionization age behind the rim give some indication

of variations in density around the remnant. Taking the electron temperature from thermal

models, combined with the results of radio and X-ray expansion studies, the electron to mean

temperature ratios behind the shock are _< 0.1 -0.2, indicating a modest amount of electron

heating, but not full temperature equilibration. A consideration of the hard X-ray emission

suggests, however, that an additional nonthermal component must be present. Ideally, it is

desirable to have energy coverage that continues above 10 keV to disentangle the nonthermal

and thermal contributions to the spectrum, but such observations will not be possible in the
near future.

For future work, a useful first step would be imaging the distribution of the high energy

X-ray flux above 8 keV, as would be possible with XMM-Newton. To the extent that the

hard X-rays are distributed like the 4-6 keV X-rays at the rim of the remnant (as seems

likely), this would be consistent with their origin from electrons accelerated to high energies.

It would also be beneficial to to model as wide a bandwidth spectrum as possible, and to

carry out a detailed study of the radio and X-ray correlations, as well as to consider the

effects of nonlinear particle acceleration.

We thank John Dickel for generously providing his flux-normalized 22 cm radio image,



and RameshNarayan for an inspiring conversation.
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Fig. 1._ (a) Unsmoothed broadband Chandra ACIS image of Tycho's SNR. Most of the

remnant is imaged on $3, but the western portion falls on $2, with the chip gap visible, and

the southermost portion is not imaged. (b) Unsmoothed image of the Si emission lines near

1.86 keV. (c) Smoothed image of the hard continuum region at energies between 4-6 keV. (d)

Radio image at 22 cm (1.36 GHz, epoch 1983; courtesy of John Dickel). The beam width is

1.45" x 1.38". All images have a square-root intensity scaling, except the radio image, which
has a linear scaling.



O

0

0
0
o4

Z

0

F--
<(
Z

_..I
0
b.J

0 .2 4 6 8 10 1.3
1 . 2.

12

10

08

64°06 '

s"
O
O

O
04

v

Z

O

F--

_J

O
i,i

12

10

08

64°06 '

o.
O
O

O

04
v

Z

O

.J
O
L_

a

12

10

08

64°06 '

00h26 m 0 s 25m30 s 00 s 00h26 m 0s 25m30 s 00 s 00h26 m 0s 25m30 s O0 s

RIGHT ASCENSION (2000.0) RIGHT ASCENSION (2000.0) RIGHT ASCENSION (2000.0)

Fig. 2._ Equivalent width (continuum-subtracted, line-to-continuum ratio) image of (a,

left) Fe L emission (n=2 transitions near 1 keV) (b, middle) Si emission (transitions of He-

and H-like ions near 1.86 keV and 2.006 keV) (c, right) Fe K emission (n--1 transitions near
6.5 keV).

_o 50
o_

(--.

] 25
>.,
L.

o 20L_

o_

_Q

_- 15o

_ 10
(1)
c-

t--

"C_. 0
CI3

240

-_.......@--.,,,..,..;.44.,:..,/ _
I ¢ I I

26O

' ' i ' , , i , , ,

280500 520 540

Angle (degrees)

Fig. 3.-- Comparison of X-ray (solid) and radio (dotted) brightness along a 9" wide circular

arc of radius 220", plotted against azimuthalangle measured counter-clockwise from north.

One degree of azimuth corresponds to 3 8" angular distance along the arc.



- 22-

O0

(-

o
(D

1500

1000

-5 5OO
o

i-- 0

0 50 100 150 200 250

Radius (arcseconds)

C

800o

© 600

400-8 208 ,!t

0 50 100 150 200 250

Radius (arcseconds)

Fig. 4 _ Radial profiles ending in portions of the northwestern (top; towards region 5)

and southwestern (bottom; towards region 1) rims. The solid lines show the profiles of the

broadband image, and the dotted lines show the profiles of the continuum image, multipled
by a factor of 15.

NE

Fig. 5 _ Chandra image with the spectral extraction regions overlaid and labelled.



I-.._ °

Oq

I X normalized counts/sec/keV X normalized counts/sec/keV X normalized counts/sec/keV X normolized counts/sec/keV

o -20 2 4 10-a 0.01 0.1 o -2 0 2 4 10 -a 0.01 0.1 o-4-20 2 4 10 -a 0.01 -4-20 2 10 -4 10 -a 0.01 0.1

_'"'"'" .....' ........' ........l _ '"'" ......... ' ........" .......'1 _,................ , ,, ....., ....... o-r_ -I- _" T,_+_

i " " t_-----_ . _. _____ --

_---,,--- ..,1_'-- I

I-+-.

Z_ ....' ........ ' ........ r_ ' ' ''"' ........' ........' .... _ -- ,,.I,,,,', ....., ........ , ...... / _ .,,
X normalized counts/sec/keV X normolized counts/sec/keV o X normolized counts/sec/keV o X counts/sec/keVnormolized

4-2 0 2 10 -3 0.01 0.1 o
o- 0 5 10.3 0.01 0.1 o -2 0 2 4 10 -3 0.01" o -2 0 2 4 10 .3 0.01

-I-: -tL '
"l' i'l'l ...... ; ........ i ........ j '1 _n

/
(1) I'_ _ i '_.L__-- = _o

'< --_-._4. / '< ; ;

_-_- I ,i _ _1 - _ ,- _=.
: 1' _ b÷ _# _4 + : - _ _ _
, 3 _" J_ _ t , & -;q.I I '.-I- II-L m

, 1 _1 r i! 111 _
I " I_



Oq

J

(I)
<

v

O1

0

X normalized counts/sec/kev x normalized counts/sac/keY X normalized counts/sec/keV X normalized counts/sac/keY

°-4-2°r 2 4 10 -3 0.01 o-4-2 0 2 4 10 .3 0.01 0.1 o -2 0 2 10 .3 0.01 -2 0 2 10 .4 10 .3 0.01
(J1 El ' I ' , ' , ........ i ........ I ..... _11 F' , ' ,l '_, ' ,i ....... I ........ , ........ ,_ [jl!"' , ' ! ' , ] ....... , ........ , ....... _jrl,_, ,, I , ,,,,, ........ , ..............

:

- - i,5"1 " "-::-_.=. _ _ -. _

=0 - m=-7 g g

:;t_'_ I !,:/ _- 1 _"r-_ }_

__ _ ,,

• .___ < -7-.--_ .
O1 01 -3: ;;U 01 . _

_ _ +I • t +-
I 3 I .-

1, I, I, I ,f ....... I ........ I , ,7, i _:::)1[, I, I, I, ;: ...... , ........ , ........ ,. 1, I, I :', ...... I ........ I ...... J ! 1 , I ,

X normalized counts/sec/keV X normalized counts/sec/keV °' X normalized counts/sec/keV X normalized c:un V

o -2 0 2 10 -4 10 .3 0.01 0.1 o-4--2 0 2 10 -5 10 -4 10 .3 0.01 0.1 -2 0 2 10 -2 0.01 -2 0 2 10-'* 10 .3

7-44''__".' .......' ........'.'_. 1" _"' _ _. ' ' I ' ''1"_ii_., ........' ....

==l==.__.__

< (1) _"

_-_ <

01

O1

3

5' l

,, I,l,t, ........, ........, ,,,.,

"° 1:31.

i o.

1 , I i I it i i i,111,| i i ill,liI i i ii,

t

f



I........ I........ I......... i, i, i, I

I'-. I

.c
r-
(11 .

__-- .
l.,,,,a , h.... ,, , l,,,,,j, , l , I J I , I

.-'........,........,.......i,,,l,,,_ °_ _

° _
c-

__ ° .5

_ .,-4



_9

3O

2O

10

0

0 100 200 300

Azimuth (degrees)

Fig. 8 _ Equilibrium mean temperatures behind the shock front from radio shock velocities

computed from Reynoso et al. (1997), plotted against azimuthal angle increasing counter-

clockwise from north. The scatter in the south and southwest (angles greater than 200) is

attributed touncertainties in the radio expansion from uncertainties in obtaining the radius.

The dotted line shows the temperature corresponding to the mean radio expanion, and the

dashed line shows the temperature corresponding to the mean X-ray expansion from Hughes

(2000). The measured electron temperatures at the rim from Table 4 and the two hard

knots from Table 5 are plotted as the data points starting with the NE, CKE, CKW, and on

through the rim regions 1 through 7. The temperature error bars are smaller than the data

points, and the angular extent of the spectral extraction region is indicated by the horizontal
bars.
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Table 1. Energy Band Images

Pulse Height* Raw Counts

Total 1-1024 5.5 x 106

Fe L 46-65 1,3 x 106

Si 112.-135 1,8x10 s

Continuum 276-424 50,000

Fe K 428-451 7,000

*Nominal energies are obtained from the

pulse heights, which are corrected for the spa-

tial variation in the gain, as energy in eV =

pulse height x 14.6.

Table 2. Regions

Region Cnts Length* Width*

Rim 1 (SW) 4281 110 9

Behind 1 2587 100 11

Rim 2 3379 101 9

Behind 2 3045 95 13

Rim 3 5020 112 9

Behind 3 4600 102 11

Rim 4 (NW) 2829 99 10

Behind 4 2732 99 10

Rim 5 3568 71 8

Behind 5 1834 69 10

Rim 6 2415 59 8

Behind 6 3269 53 13

Rim 7 3249 59 8

Behind 7 3760 47 12

Rim NE 8171 192 12

Behind NE 3228 120 " 13

*Dimensions are given in pixels, which are
0.5 tl"



Table 3. Northwest Rim (4+5)" Spectral Fits

Model x2/do f NH kT ] a a net ] u b

(1022 cm -2) (keV]-) (cm -3 s]Sz)

Normalization

bremsstrahlung 179.9, 1.28 0.53 (0.50-0.56) 2.1 (2.0-2.2) - 6.2e-4 (5.8-6.7e-4)

parallel shock 179.6, 1.28 .. 2.1 (1.9-2.2) 1.1e8 (<3.5e8) 1.9e-3 (1.8-2.1e-3)

NEI 179.6, 1.28 .... 1.0e8 (<2.3e8) ..

power-law 217.9, 1.55 0.75 (0.71-0.79) 2.79 (2.71-2.87) - 7.8e-4 (7.1-8.4e-4)

srcut 199.4, 1.41 0.66 (0.63-0.69) 0.52 (0.51-0.53) 7.0e16 (5.4-8.4e16) [0.086] c

201.5, 1.43 0.68 (0.65-0.70) [o.72] 1.1el7 (0.90-1.4e17) 2.8 (2.5-3.6)

aTemperature kT is given for bremsstrahlung, parallel shock, and NEI models, spectral index a for power-law
and srcut models. Please see text for further discussion.

bIonization age net is given for planar shock and NEI models, rolloff frequency u for nonthermal srcut models.

CIn this and other tables, quantities in square brackets are held fixed at the value given.



- 30-

Table 4. Rim: Spectral Fits with Thermal NEI Models

Region X 2, x2/dof NH FS: kT net RS" kT net

(1022 cm -2) (keV) (cm -3 s) (keV) (cm -3 s)

Fe

(rel ®)

Rim 1 135.7, 1.18 0.59 2.2 1.0e8

(0.56-0.64) (2.0-2.3) (<2.2e8)

Behind 1 98.7, 1.32 0.51 1.8 2.0e8

(0.45-0.57) (1.6-2.0) (<2.9e8)
Rim 2 139.4, 1.42 0.62 2.1 2.9e8

(0.57-0.68) (2.0-2.3) (<3.9e8)
Behind 2 96.1, 1.10 0.51 2.0 2.3e8

(0.45-0.57) (1.8-2.2) (<3.228)
SW Rim (1-2) 206.7, 1.18 0.61 2.1 1.028

(0.58-0.65) (2.0-2.2) (<2.2e8)

Behind SW 209.2, 1.44 0.51 1.9 1.8e8

(0.47-0.55) (1.8-2.0) (<2.6e8)
Rim 3 201.7, 1.58 0.50 2.5 1.0e8

(0.47-0.55) (2.2-2.6) (<2.1e8)

147.1, 1.17 0.47 2.6 1.0e8

(0.44-0.51) (2.4-2.8) (<1.8e8)
Behind 3* 133.9, 1.25 0.47 2.0 1.0e8

(0.42-0.54) (1.8-2.2) (<2.4e8)
Rim 4 88.8, 1.12 0.57 2.0 1.0e8

(0.52-0.63) (1.8-2.1) (<2.7e8)

Behind 4 108.5, 1.39 0.46 2.0 1.8e8

(0.41-0.52) (1.8-2.2) (<3.1e8)
Rim 5 97.8, 0.96 0.49 2.2 1.0e8

(0.45-0.53) (2.0-2.4) (<2.4e8)

Behind 5 51.7, 1.08 0.29 1.6 1.0e8

(0.26-0.34) (1.4-1.9) (<1.7e8)

NW Rim (4-5) 179.4, 1.28 0.53 2.1 1.0e8

(0.50-0.56) (1.9-2.2) (<2.2e8)

Behind NW 145.4, 1.25 0.39 1.9 1.0e8

(0.36-0.42) (1.8-2.1) (<3.0e8

Rim 6 104.9, 1.57 0.29 2.4 1.0e8

(0.26-0.34) (2.1-2.7) (<2.2e8)
Behind 6 106.8, 1.26 0.84 2.6 2.7e9

(0.81-0.88) (2.3-3.0) (2.1-3.0e9)
Rim 7 113.5, 1.34 0.25 1.7 1.0e8

(0.22-0.28) (1.5-1.9) (<1.5e8)
Behind 7 117.2, 1.30 0.91 1.9 3.6e9

(0.88-0.93) (1.8-2.2) (3.2-3.9e9)
NE Rim 203.3, 1.23 0.44 2.0 1.0e8

(0.42-0.46) (1.9-2.1) (<1.2e8)

Behind NE 115.8, 1.15 0.98 2.0 3.6e9

(0.95-1.01) (1.8-2.3) 3.3-3.9e9)

[1.5]

[1.5]

[1.5]

[1.5]

[1.5]

[1.5]

5.1e10

(1.9elO-l.Oell)
2.5e10

(2.1-3.3e10)

2.8e10

(2.9-3.5e10)

3.7e10

(3.0-4.7e10)

5.1e9

(3.6-7.1e9)

2.7e10

1.2-9.3e10

[0]

0.03

(0.02-0.04)

1.2

(0.9-1.5)

0.96

(0.7-1.3)

[o]

[o]

*The S abundance was freely fitted to be 2.4 (1.9-2.8) relative to its solar value.
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Table 5. Rim: Spectral Fits with Nonthermal srcut Models

Region X 2, X 2/dOf N H Fitted aa Radio c_ Radio Flux b

( 1022 cm-- 2) (jy)

V c

(Hz)

NE d 211.1, 1.26 0.58 (0.57-0.60) [0.55] 0.554-0.04 [0.21]

NW (4&5) 199.4, 1.41 0.66 (0.63-0.69) 0.52 (0.51-0.53) 0.72:t:0.14 [0.086]

SW (1&2) 259.5, 1.47 0.87 (0.85-0.90) [0.40] 0.40-l-0.15 [0.03]

228.2, 1.30 0.76 (0.73-0.78) 0.440:t:0.005 0.40+0.15 [0.03]

5.2e16 (5.0-5.3 el6)

7.0e16 (5.4-8.4e16)

3.3e16 (3.2-3.4e16)

5.8e16 (5.0-7.1e16)

aRadio spectral index c_ as given by Katz-Stone et al. (2000).

bRadio flux at 1 GHz.

CRolloff frequency of the spectrum.

dThe model for this spectrum also includes a NEI component for Si and S ejecta.

Table 6. Hard Continuum Knots" Spectral Fits

Region X 2, x2/dof NH kT (FS) net kT (Si+S)

(1022 cm -2) (keY) (cm -3 s) (keY)

net

(cm -3 s)

CKE 226.9, 1.22 0.30 (0.28-0.31) 3.0 (2.7-3.3) 1.e8 (<1.3e8) [1.5]

CKW 221.6, 1.64 1.13 (1.08.1.18) 2.9 (2.6-3.3) 3.0e9 (2.7-3.3e9) [1.5]
4.2e9 (3.1-5.7e9)

5.3e10 (3.6-7.4e10)




